On the basis of three different force fields the zero point average structure of dimethylsulfoxide has been calculated. Three different types of calculation were performed. It is found that the different force fields virtually do not affect the resulting parameters while the results from different types of calculation agree within three times the standard errors. The asymmetry of the methyl groups found with the calculation scheme of the rs-structure is also present in the average structure.
D im ethylsulfoxide (DMSO) has been th e subject of an extensive investigation on th e m olecular stru ctu re by m eans of m icrowave spectroscopy [1] . Several ro-structures and the complete r s-structure have been obtained. I t seemed to be w orthw hile to calculate also th e zero point average stru ctu re (rz-structure) [2, 3] for several reasons: 1) The re s tru c tu re still has been obtained for a small num ber of molecules. DMSO gives th e opportu n ity to increase experience w ith this type of stru ctu re calculations.
2) The re stru c tu re of Ref. [1] resulted in a m ethyl group w ith a high degree of asym m etry. Though one H -atom could not be reliably located th e difference of 0.04 Ä in th e C -H bond length of th a t p articu lar H -atom seemed to be too large to be solely due to this fact. Therefore one aim of the present paper is to investigate to which extent the stru ctu ral param eters of Ref. [1] are influenced by vibrational effects.
3) The calculation of the r z-structure requires th e calculation of th e harm onic contributions to th e ro tational constants and the estim ation of isotopic differences in bond lengths from th e harm onic force field. How ever three different force fields -essentially due to different assignm ents and constraints on nondiagonal force constants -are given for DMSO in th e literature [4, 5, 6] . Thus th e harm onic contributions can be calculated on th e basis of different force fields and one is able to stu d y th e effects of uncertainties of this kind on th e resulting structure.
R ecently Iijim a and Tsuchiya [7] developed a m ethod to calculate th e re s tru c tu re for molecules containing one sym m etric internal rotor. This m ethod was n o t applied in th e present investigation because a generalization for molecules w ith two Reprint requests to Dr. V. Typke, Universität Ulm, Ab teilung für Physikalische Chemie, Oberer Eselsberg, D-7900 Ulm.
n o t necessarily sym m etric rotors is n o t available. In addition a detailed analysis of th e internal ro ta tio n in DMSO by Dreizler and Dendl [8] yielded a hindering potential of ab out 2900 cal/mol, and v ery few ro tatio n al transitions of th e ground state have observable splittings. Therefore the con trib u tio n s of internal ro tatio n to th e harm onic vibrational p a rt of th e ground sta te rotational constants were approxim ated by calculations w ith harm onic torsional oscillations.
Internal Coordinates and Force Fields
T hroughout this paper th e calculations of v ib ration-rotation interaction constants were based on th e rom -structure of Ref. [1] , The vibrational sym m etry coordinates defined by Horrocks and C otton [4] were used w ith the exception of the torsional coordinates: here th e coordinates described by H ilderbrandt [9] were used. The tw o redun dancies were rem oved w ith th e m ethod described in [10] .
The force fields given in Refs. [4] , [5] , and [6] were used directly in th e calculations. In addition th e torsional force constants were adjusted to fit th e frequencies 231 cm -1 (A') and 207 cm -1 (A") in accordance w ith T ranquille e t al. [5] . The values / i 3 ,i3 = 0.0964 m dyn Ä and / 2 4 ,24 = 0.0812 m dyn Ä were found. These values correspond to a hindering potential of 2840 cal/mol in good agreem ent w ith th e experim ental values 2915 cal/mol [8] and 2923 cal/mol [1] , respectively. An a tte m p t was m ade to te s t th e different force fields independent of th e assignm ent of vibrational frequencies by com paring calculated centrifugal distortion constants w ith experim ental values. The agreem ent is m oderate for all force fields, though a slight preference m ay be given to th e results of H orrocks and Cotton [4] , 
Vibrational Corrections Isotopic Differences in Bond Lengths
As was shown b y a num ber of authors [11 -14] th e average ro tatio n al constants B^ are related to th e effective ro tatio n al constants B( 0a) of th e ground vibrational sta te b v th e well known relation:
The calculation of th e centrifugal correction B^t showed th a t this contribution is less th a n 25% of th e u n c e rta in ty assigned to th e vibrational correc tio n an d hence Mas neglected. The calculated harm onic corrections from different force fields are listed in Table 1 .
In Table 1 it is observed th a t th e corrections from different force fields differ by up to 1 MHz. The last rows of this tab le give th e rm s deviations a of th e calculated corrections from th eir respective m ean value. I t is seen th a t a is of the order 10% of th e harm onic corrections, a value which is fre quently used as th e estim ate for th e u n certain ty of th e vibrational corrections. F or the subsequent cal culations it was assum ed th a t th e a-values of Table 1 give a realistic estim ate of th e u n certain ty of the vibrational contributions and hence of th e average ro tational constants. Therefore these values were used directly to calculate th e weights in th e evaluation of th e re s tru c tu re .
+ B£>,
As was shown by K uchitsu et al. [2] it is im por ta n t to include sm all isotopic differences in bond lengths into th e calculation of th e re stru c tu re . Following these authors th e isotopic shifts were estim ated by
The parallel and perpendicular m ean square am plitudes and <(zl^|)o entering E q. (2) were calculated from th e force fields. The Morse anharm onicity param eters were tak en from [15] to be 1.981 Ä-1, 1.945 Ä-1, and 2.072 Ä-1 for CH, CS, and SO, respectively. Following K uchitsu and Oyanagi [16] also secondary isotopic differences were tak en into account. The calculated isotopic shifts are sum m arized in Table 2. I t is interesting to note in Table 2 th a t in any case th e su b stitu tio n H -» D causes a lengthening of th e C -H bond distance due to large changes in th e perpendicular m ean square am plitudes. I t is also observed th a t th e isotopic differences on monodeuteration are ab out h alf those on perdeuteration of a m ethyl group. Moreover Table 2 shows a rem arkable consistency of th e estim ates drz obtained from different force fields. This consistency is found although th e m ean square am plitudes are noticeably different. This gives confidence to use th e estim ated values of Table 2 , especially th e small values of th e skeletal isotopic shifts. A dditional confidence comes from a com parison of th e sums of weighted squared residuals from the fit of th e stru c tu ra l p aram eters including p rim ary isotopic differences only and from a fit w ith inclusion of p rim ary and secondary shifts. The im provem ent of th e variance of ab o u t 48% seems to be significant.
A fu rth er check is possible w ith th e su b stitu tio n of atom s lying in a principal p la n e : here th e p lanar m om ent of inertia P perpendicular to this plane cannot change w ith su b stitu tio n provided th e average positions of all oth er atom s are unchanged w ith this su b stitu tio n . In DMSO th e sulfur and the oxygen atom lie in th e &-c-plane and therefore th e planar m om ent P a = 2 mi '
should not change w ith th e substitu tio n s 32S -> 34S and 160 -» 1 8 0 . This condition is not m et for th e experim ental values of th e p lan ar m om ents of inertia. In con sequence from K ra itc h m a n 's equations an im aginary coordinate a is obtained for th e sulphur atom and |a | = 0.011 A for th e oxygen atom . H ow ever th e inclusion of th e isotopic differences of Table 2 results in alm ost perfect agreem ent of th e p lanar m om ents P a of th e norm al species w ith those of the su b stituted species. N ote th a t for th e su b stitution 1 6 0 -> 1 8 0 this agreem ent is achieved only by the inclusion of secondary isotopic differences.
One com m ent should be m ade to th e value «3 = 1.981 A 1 for CH. Some authors (e.g. [17] , [18] , [19] ) use the value « 3 = 2.5 Ä-1. This value would give prim ary isotopic differences for th e C -H bond distance which are shorter by 0.0013 Ä, while leaving th e secondary differences unchanged. I t can be shown th a t the complete effects of this change in drz is a lengthening of all average C -H bond distances by 0.0026 Ä. Thus stru ctu ral param eters obtained on the basis as = 2.5 Ä -1 are n ot listed separately.
Structure Calculations
Three different types of structure calculations have been perform ed: 1) F ittin g of in ternal p a ra m eters (bond lengths, bond angles, dihedral angles) by weighted least squares to average rotational constants Bz. 2) F ittin g of internal param eters to differences ABZ (subst.-norm al) of average ro ta tional constants as suggested by N ösberger et al. [20] an d b y Schwendeman [21] . 3) F ittin g of C artesian coordinates by K raitch m an 's m ethod modified as to allow for isotopic differences [2 2 ]. Since th e first tw o m ethods include autom atically th e principal axis and center of mass condition these constraints have been added explicitly also in th e K raitch m an -ty p e calculations. In all cases th e average ro tatio n al constants obtained by substractin g th e harm onic corrections of Table 1 from th e ground sta te ro tational constants of Ref. [1] were used. The weights have been chosen inversely proportional to th e squares of th e relative errors of th e average rotational constants, i.e. w ~ (Bz\o(Bz ) ) 2 w ith a(Bz) ta k e n from Table 1 .
In th e course of th e calculations of ty p e 3 it becam e a p p aren t th a t some inconsistency is present in th e ro tatio n al constants affecting th e stru ctu re of th e m ethyl groups. Therefore in a first a tte m p t to locate th is inconsistency th e assignm ent of th e ro tational transitions and th e ro tational constants of th e species DMSO-C13, -D l l , -D i l l , -D 1 III, and -D 3 [23] have been checked critically. In any case a t least ten additional lines were found in the recordings which confirmed unam biguously the values of th e ro tatio n al constants of Ref. [1 ] , Therefore in a second step use was m ade of th e fact th a t th e modification [22] of K raitc h m an 's m ethod allows th e calculation of th e su b stitu tio n structure w ith different sets of isotopic species. Table 3 gives th e C -H bond distances obtained w ith different sets of d eu terated species. In th e la tte r calculations weights and th e principal axis and center of mass condition have n o t been employed. From Table 3 it is ap p a re n t th a t th e inconsistency is introduced by th e inclusion of th e D3-species. Since a t th e present stage no explanation for this anom alous behaviour can be given th e rotational constants of this isotope have been om itted for th e final calculations of th e re stru c tu re .
The m ost prom inent feature of the stru ctu re calculations is th e observation th a t the different vibrational corrections from th e three force fields v irtu ally do not affect th e resulting geom etrical param eters w ithin each ty p e of calculation. This is dem onstrated in Table 4 w ith th e results of th e calculation of ty p e 1. In th is table th e geom etrical param eters are given w ith th e single sta n d a rd errors of th e fit. The last colum n contains th e m ean value of column 1, 2, and 3 w ith the largest deviation of th e param eters from th e m ean value in brackets.
Obviously th e deviations are m uch sm aller th a n th e single stan d ard errors. The sam e behaviour is observed for calculations of ty p e 2 an d 3. Therefore only th e m ean values of th e geom etrical param eters are given as final results for each ty p e of calculation in Table 5 . The errors given in Table 5 are th e single stand ard errors of th e HC-fit. T he errors of th e type 3 calculation have been obtained from th e stand ard errors of th e /v su b stitu tio n -co o rd in ates w ith inclusion of th e correlation m atrix. Of course these errors indicate only th e relative reliability of the param eters w ithin one m ethod. In Table 4 th e small deviations of th e individual geom etrical param eters from th eir m ean value are p artly due to th e larger w eight given to th e ro ta tional constants Cz. H ow ever different weighting schemes (e.g. u n it weights for all observations) produce changes of the structural param eters w ithin twice th e stan d ard errors of Table 4 . These changes are not significant.
In Table 5 it is seen th a t the structural param eters generally agree w ithin three tim es th e assigned single stan d ard errors. Therefore a t th e present stage it seems th e best to estim ate th e re stru c tu re b y th e weighted mean of th e three types of calcula tion given in column 4 of Table 5 . The range of the individual param eters given in the last colum n is th en believed to give an estim ate for the u n certain ty of th e r z-structure.
Discussion
E xam ining the structural param eters of Table 5 it is obvious th a t th e asym m etry of th e m ethyl groups is n ot reduced by taking vibrational contributions into account. In fact all param eters com pare well w ith th e previously reported r s-structu re [1] . The only exceptions are th e S-C bond distance and the position of the atom H m . For th e S-C bond length th e assigned error lim its overlap an d th is difference seems not to be signifi cant. H ow ever th e difference 0.02 Ä in th e bond distance C -H m is significant and is a t least p artly due to vibrational effects. U nfortunately this conclusion cannot be com pletely ascertained since th e sm all increase in th e S-C bond distance which seemed insignificant could have induced th e large decrease in th e bond distance C -H m . Therefore, to determ ine m ore precisely th e bond lengths S-C and S-0 an d to elim inate th eir num erical influence on th e positions of th e hydrogen atom s we started to collect d a ta from gas phase electron diffraction and to calculate th e r av-structure. I t is interesting to find C -H bond distances of 1.05, 1.07, and 1.10 Ä, respectively, also in a
